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ABSTRACT
Acute bioassays were conducted to determine the effects
of thermal shock and chlorine exposure on the estuarine copepod
Acartia tonsa . Laboratory conditions simulated power plant conditions using 8 C elevate' temperatures and slug chlorination .
A factori al design having temperatures at two levels
and multiple chlorire additions, showed isolated effects of temperature and chlorine and their interaction .
Adult Acartia tonsa withstood thermal shocks of 8 C above
--ambient surnr1er temperatures of 20 to 25 C. No adverse effects WE!re
noted after 96 hou~s following an 8°
T over 5 seconds, holding
at the e~avated temperature for 5 minutes, and slowly returning to
ambient within 20 minutes of exposure .
Chlorine additions produced mass mortaJities . At 20 C
a chlorine residual of 0.75 ppm proved fatal to 30 percent of the
organisms . Increa.=;ina the:: rc•siclvo:il i..c. J. 15 ppIT' yinlcl d J 00 p0rcent mortalities . 7,t 2 5 C r11or L.oli des incl'ease<..l f:r. om ..50 per·cPnl
to 70 percent at the same 0 . 75 ppm residual levels . Temperature
greatly governed copepods susceptibility to chlorination .
1

0

Much of the equipment and techniques used in these experiments have not been previously described and are therefore
explained in detail.

viii

THE EFFECTS OF THERMAL SHOCK AND CHLORINE ON
THE ESTUARINE COPEPOD ACARTIA TONSA

INTRODUCTION
The major non- consumptive use of water in the United
States is by industry for cooling .

In 1968 the electric power

industry used eighty percent of all water used for cooling (FWPCA, .
1968).

By 1980 the steam- electric systems of power generation will

use one sixth to one fifth of the total yearly supply of runoff
water in the United States (Cornell University, 1969) .

The pre-

dominant trend is for increased utilization of estuarine and marine
site locations for power generating systems (Naylor, 1965).
The effects of cooling water on pumped and entrained
organisms must be understood .

In addition to thermal stresses,

chlorine is often added as a biocide to control fouling and slime
growth in condenser tubes .
The introduction of a biocide can affect the population
of the entire estuary and contiguous waters (Warinner and Brehmer,
1966) .

The estuary is a primary nursery ground for many commer-

cially important marine organisms, e . g·. spot, grey sea-trout and
menhaden, as well as being a link in the life histories of anadromous fish such as Atlantic and Pacific salmon, .striped bass, shad,
herring and smelt .

The addition of steam-electric effluents could

affect any of these organisms directly or indirectly by altering
their food chains in the estuary.
Zooplankters, in particular copepods, are indeed a very
important sector of the food chain of finfish .
2

Copepods account

3

for 75-80 percent of the zooplankton in the Chesapeake Bay (Heinle,
1966; Herman et al. , 1968).

Acartia tonsa and Acartia clausi are

two species of copepods which dominate the York River estuary in
Virginia, their dominance alternating seasonally.
Mihursky (1969) reported mortalities up to 100% in
Acartia tonsa populations which had passed through the condensers
of a Maryland power plant.

The actual cause of death, whether

thermal shock or chlorine poisoning, was not determined .
Heinle (1969a) establishe4 the upper thermal tolerance
limits for Acartia tonsa and found them to be above temperatures
encountered in power plant condensers , leaving chlorine (HOCl or
chloroamines) as a probable cause of the mass mortalities M_i.hursky
(1969) observed .
Information on the effects of chJorine on marine organisms
is scarce .

The only information found pertinent to copepods is by

Adams (1927).

This work is referred to later by Ellis (1937) and

McKee and Wolf (1963).

The study involved the testing of numerous

chemicals to determine their biocidal qualities in controlling the
freshwater copepods Cyclops and Daphnia in a water supply taken
from the Nile River in Egypt .

No information was given regarding

temperature, pH, DO and water hardness, all of which must be considered in bioassay results .

To date, no information is available

on the effect of chlorine on estuarine copepods.

MATERIALS AND METHODS
General
A laboratory study simulating steam electric station (SES )
operations was initiated to determine the effects of heat shock and
chlorine on the estuarine copepod Ac artia tonsa .
Local copepods of the York River estuary, Virginia were
collected from plankton tows, held in the laboratory, then subjected to controlled 8 C thermal shocks and chlorine additions .
Acute bioassays using a factorial design were employed
to show the effects of heat, chlorine, and their interaction .
Laboratory equipment and techniques heretofore not developed were required to simulate SES conditions within the lab .
A detailed sequence of operations follows .

Background information

is supplied as an introduction and justification of new techniques .
Detailed results of apparatus operation and construction are given
in the text and appendix .

Collecting and Maintaining Copepods
Copepods were collected during the SUITU1)er of 1971 from
the York River adjacent to VIMS .

June (23 C) and July (26 C)

sampling provided representation of the summer dominant Acartia
tonsa populations .
Collections were made using a Nitex #202 mesh plankton
net which collected copepods and a few incidental zooplankters ,
4
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i.e . mysids, fish larvae, shrimp a nd various decapod larvae .

Dif-

fer ential sieving removed most of these mis cellaneous forms although
dec apod larvae could not be removed by this method and subsequently
remained in the cultures.
Copepods were placed in filter ed sea water that had
passed through a one micron filter, and held in one gallon widemouthed glass jars at cons t ant temperatures of 20 and 25

c.

Copepods

were fed Monochrysis lutheri, a phytoplankter cultur ed at VIMS .
Heinle (1966, 1969b) and Zillioux (1966, 1969) both used mixed
cultures for feeding, Isochrysis galbana being a major constituent
in each .

Monochrysis lutheri is very similar to Iso chrysis galbana

and can maintain copepods as evidenced by expanding copepod populations often being found in oyster larvae cultures which have been
reared in fiJ_tered sea water and fed Monochrysis luther i (Samuel
Rivkin, personal communication) .
Initial food levels were 30,0 00 cells per ml of copepod
culture and were maintained at 30,000 to 100,000 cells per ml
through tri - weekly feedings .

These concentrations were used by

Heinle (1966) and supported by Zillioux and Wilson (1966).
Slime growth and decomposition product problems were not
experienced when large stocks of copepods were held in subdued
light .

Under constant illwn1nation higher mortalities were ob-

served than under partial illwnination .
in mortalities is not known .

The reason for the increase

Various wave length emissions from

artificial lighting are fatal to hatchery raised fish eggs (Perlmutter
et al ., 1962).

Copepods might also be adversely affected by arti -

fi c ial lighting emissions .

It was not determined whether the

.6

increased mortalities observed were due to direct exposure to
ultra-violet emissions or to accelerated slime growth and decomposit ion products .

Copepods were therefore held in subdued light

to avoid slime growth and decompos i tion problems.

Plunger Jar System
Large stock supplies of copepods can be maintained using
a modified Browne plunger jar system (Hardy) 1965) .

The basics of

this device are crucible lids suspended from an offset shaft .
Rotation of the shaft causes the lids to move slowly up and down)
coming to within 3 cm of the surface and bottom of the culturing
jars.

The movement of the lids constantly keeps the wate r turned

over yet minimizes the possibility of copepods becoming entrained
in the surface film as would happen if a regular aquarium aerator
were used .

The feasibility of this device has been demonstrated

(Cain) Dressel) Jacobs) and Peddicord) unpublished manuscript) .
The plunger jar system fits over a 50 gallon Lab Line
constant temperature water bath (Figure 1) .

A detailed set of

working plans is included in Appendix 1) Figures 2-4.

This unit

is of my own design and was construc ted by the U. S . Department
of Commerce) National Oceanic and Atmospheric Administration)
National Oceanic Survey .
Another plunger jar system was constructed and placed
over an insulated polyethylene aquarium .

An inverted siphon

connected this bath to the water bath so that both baths could
be kept at the same temperature by pumping water from one bath
to the other .

The water levels of each bath, when filled to
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capacity, must be the same so the siphon will function.

The siphon

must also be of a s i ze that can equilibrate rapidly to handle the
volume of water pumped from the adjacent bath, or overflowing will
result.
The plunger system was used only to hold organisms prior
to the bioassays .

The system enables large numbers of organisms

to be maintained with minimal detrital and stagnation problems .
The most noted advantage of the system is that algae remains in
suspension and less food is required, resulting in fewer decom·position problems .

The plunger jar system was not used in the

bioassays as the number of copepods in the holding jars was never
great enough to pose oxygenation or detrital accumulation problems
during the 96 hour observation period.

Experimental Design
A factorial analysis design having temperature at two
levels and chlorine concentrations at five levels was used to
isolate the effects of thermal shock, chlorine, and their interactions.

Each experimental unit was replicated, requiring a total

of 20 samples.

Two additional samples were always included to

assess natural mortalities encountered in holding organisms that
did not pass through the heat exchanger, bringing the total number
of samples to 22 .

Half of the 20 samples received a 8 C thermal

shock simulating elevated temperatures encountered in passage
through a steam-electric power station .
ambient throughout the experiment.

The others were held at

8

Five chlorine concentrations were administered to determine what concentra tion was lethal to fifty percent of the test
One concentration was always O ppm which served as

organisms.
a control.

A heat exchanger was constructed so copepods could pass
through at ambient temperature or at the 8° elevated temperature,
thereby giving each sample the same mechanical stress .

Samples

subjected to both chlorine and heat were chlorinated prior to
passing through the heat exchanger .
Following chlorination and condenser passage the copepods
were returned to ambient and held for 96 hours at which time mortalities were evaluated .
A detailed description of equipment, techniques, and
pertinent information regarding preparation of samples, heat exchanger design, and chlorination procedures follows.

Preparation of Samples for Bioassays
Acclimation
Laboratory acclimation, as such, was not considered in
these experiments since the organisms collected were tested at temperatures within 3 C of ambient from which they were collected .
Following collection from plankton tows, copepods were
placed in one gallon wide-mouthed glass jars and held at experimental temperatures for 24 hours .

At this time live copepods were

removed by siphoning surface water, in which they were swarming,
from the holding jars .

Siphoning was an effective means of removing

9

live copepods, as the detritus and dead copepods settled to the
bottom of the holding jars.
Dividing Samples
The subdividing of a large copepod sample into 22 equally
sized subsamples posed a problem.

A Folsom

Plankton Splitter

(Mc Ewen, Johnson, and Folsom, 1954) offered encouraging possibilities
to subdivi de cultures .

A four-chambered model had already been

statistically evaluated using preserved plankton samples (containing
approximately 350 entomostracans) and showed that differences in
dis tribution among the chambers in a single splitting operation
were not significant at the 0 . 05 level (Scarola and Novotny, 1968) .
A four-chambered splitter having a 1 gallon capacity was constructed
and tested using live copepods .

Copepods are phototrophic causing

slight variations in lighting to noticeably affect the distribution
-

.

of copepods within the splitter (Dressel, unpublished manuscript) .
Phototrophism was overcome by operating the splitter in total
darkness .

The greatest obstacle in using the splitter was that of

the time required .
To split a one gallon sample into 22 subsamples, 15
operations were performed requiring four hours .

Results were not

consistent as distribution errors in early splits caused marked
effects in subsequent splits .

Alternate methods of subdividing

cultures were therefore investigated .
A simpler device tested was the constant delivery syringe
that resembles a plastic wash bottle .
delivery tube with a 5 ml sample .

When inverted it fills a

It has proven very effective in

subdividing oyster larvae (Thomas D. Cain, personal communication)
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but proved ineffective on copepods, as they are much more motile
and avoid being drawn into the delivery tube .
The final and simplest method to subdivide the cultures
was a dipper formed from the bottom half of a 50 ml test tube and
equipped with a glass handle .

Copepods were concentrated by

sieving and placed in 700 ml samples .

Rapid agitation with the

dipper followed by immediate removal of the 25 ml subsamples proved
effective .

The procedure was repeated twice to reduce variation

between samples .

New Equipment and Techniques
Heat Exchanger
The heat exchanger was constructed to produce thermal
shocks of a magnitude and duration organisms encounter while passing
through power plant condensers (Plate 2) .

On the average, power .

plant cooling water is raised 8 C (Warinner and Brehmer, 1966) .
Average passage time through a local power plant condensers is 5 sec
(Virginia Electric Power Company's [VEPCO] Yorktown Power Station) .
The laboratory heat exchanger uses a 600 mm Graham condenser (Scientific Glass Apparatus, Bloomfield, N. J . ) to accomplish
the heat exchange .

Heated water was delivered to the condensers at

a constant rate by a siphon connected to a reservoir located above
the condenser .

Water was pumped into the reservoir, then heated by

a 1,000 watt Porta-Temp . heater and stored prior to entering the
condenser .
Copepods in 3200 ml of sea water were held in one gallon
polyethylene jugs with their flow through the condenser being
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regulated to yield an average passage time of 5 secs .

Average

pas sage time through the heated por tio·n of an unrestricted condenser was 2 . 5 secs , as determi ned by multiplying total passage
time of the 32 00 ml s ample by the percent of that volume contained
within the heated i nter na l coi ls of the condenser .

This relation-

ship of passage time for a s i ngl e water parcel through the condenser can be equated as :
Volume of heated portion of condenser =
X
Total volume passing through condenser
Total pas s age time
where X = the passage time of an individual water parcel through
the heated portion of the condenser .
A restrictive nozzle consisting of a tapered glass tube
was attached to the discharge end of the condenser to decrease the
flow rate to the required 5 sec passage time .

Nozzles were used

in preference to adjustable hose clamps as they offered less ob- .
struction to copepod passage .
Glass nozzles were constructed from disposable Pasteur
pipets by cutting and fire polishing the tips.

Medicine dropper

bulbs with their tops cut off provided a convenient means of
attaching the nozzles to the discharge tube of the condenser.
Nozzles were matched to each condenser .

Nozzle construction is

outlined in Plate 3 of Appendix 2 .
Once the duration of heat exchange is fixed, correct
A T1 s are obtained by altering the temperature of the heated water
or its flow rate into the condenser .

Flow rates should be fast

enough to provide an adequate thermal gradient between ambient
water and discharge heating water, yet slow enough so as not to

12

empty the reservoir prior to the experiment's completion,
A flow rate of 1 liter/70 secs was used in these experiments.

With this rate, water 20 C above ambient flowing through the

condenser yie lds a AT of 8

c.

This gradient remains nearly con-

stant when different ambient temperatures are used.
To test the effects of thermal shock and chlorine addition
on copepods, four condensers were used.

Two were connected to a

heated reservoir, the other two to the ambient water baths .

One

condenser in each pair was used for chlorinated samples, the other
served as a control .
Flow rates from the heated reservoir into the pair of
condensers was controlled by constricting the siphon with an adjustable Mohr clamp .

Below the clamp a

11

Y11 fitting connected

both condensers to the common delivery line.
11

Each branch of the

Y11 was equipped with a syringe cut-off clamp which allowed the

flow to be directed into either condenser .

Syringe cut-off clamps

can be purchased at any drugstore and are ideally suited for such
applications as their operation is simple and flows are uniform,
as the clamp can only be in either the on or off position .
To insure consistent 6 T 1 s the flow rate of heated water
through the condenser jacket should be checked prior to each use.
Microbial growths on the inside of water delivery lines can alter
flow rates and appreciably change resultant

A

T1 s .

Drain lines

leading from the condenser becoming filled and siphoning water from
the condenser jacket have similar effects .

Holes were made in the

drain lines, at their junction to the condenser, to vent the lines
and prevent possible siphoning .

l3

To administer the 8°

A T the

copepods were poured from

their one gallon glass jars i nto the polyethylene holding reservoir above the condenser .

Heated water was then circulated

through the desired condenser and the glass holding jar was warmed
with t he water leaving the condenser pri or to i nitiation of passage .
This warming was required to prevent immediate cooling of heated
cope pods by contact with cold holding jars .

Upon leaving the con-

dens er the cultures were collected in their original holding jars .
Holding jars were then returned to the ambient water baths for the
remainder of the experiment .
Mechanical damage to organisms passing through the
laboratory condenser was assessed by passing copepods through the
condenser while ambient water circulated through the condenser
jacket.

Copepods were held and examined after 24 hours .

survival rate based on 104 organisms was found .

A 96%

Similar 96 hour

mortality determinations using large numbers of copepods yielded
similar high survival rates .

In each experiment using thermal

shock and chlorine) replicate samples were i~cluded that were not
passed through the condensers .

These showed no mechanical damage .

The percentage survival in these samples was always over 96% and
survival rates in cultures passing through the condensers was
statistically identical to those not passing through the condenser .
Cooling Coils
Cooling times vary from site to site depending on the
method employed to disperse the heated effluent .

Some systems

using jet discharges with tempering water have only a 10 min cooling
time .

Others such as those employing large cooling canals have up

14
to 6 hour cooling times .
In these experiments a 20 min cooling time was chosen
as a fair representation of current SES practices .

Following

pass ag e through the laboratory condenser the copepods were returned to pre-exposure temperatures .

Cooling by conduction through

the he avy walled glass holding jars required 60 min .

Agitation

using the plunger jar system only reduced the cooling time to
45 min.

To achieve the desired 20 min

cooling time, glass coils

were c onstructed so ambient water could be circulated within the
jars promoting rapid cooling .
inch glass tubing (Plate 4) .

Each coil contained 10 ft of 5/16
The coils were connected in series

with a submersible pump which circulated the ambient bath water
through the coils (Plate 5 in Appendix 2) .

Bioassay Techniques
Prior to testing the effects of pollutants on zooplankters, a rapid criteria for ascertaining death had to be developed .
The small size and erratic swimming of copepods make rapid detection of death difficult .

Mobility has been the most direct

criterion for re c ognition of living copepods, although lack of
movement and death may not be synonymous (Coker, 1934) .
Heinle examined non-motile individuals under a dissecting microscope to detect heart beat, in his study of temperatures
effect on zooplankton (Heinle, 1969) .

This slow, tedious process

greatly limits the number of animals that can be examined in the
time restrictions of a bioassay.

Statistically, the more organisms

exposed, the more credible the results .

The factorial designed
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bioassay used had temperature at 2 levels, and chlorine concentr ations at 5 levels, each with replication .

Twenty exper i mental

uni ts were required, each containing a minimum of 100 organisms .
The sorting and counting of the 2,000 organisms· was not feasible
using present techniques .
A new t echnique employing intra vitam staining with
neutral red stain was used (Dressel) Heinle and Groth) in press)
which alleviated most of the laborious sorting and counting procedures.
A stock solution of stain was made by dissolving

a. so

g

of neutral red (powder) in one liter of distilled water (1 : 2)000).
The stock solution was added to seawater containing organisms in
a ratio of 1 : 100 yielding a final dye concentration of 1 : 200, 000 .
Thirty- two ml of dye solution was added to each 3200 ml
copepod sample) followed by sieving and tap water washing after a
60 min exposure .

Copepods were preserved in 1 % buffered acetic

acid having a pH of

s.

Copepods alive immediately prior to preservation turned
a deep magenta when placed in the acetic acid ) while dead copepods
were white or very light pink .

Copepods were refrigerated to

assure stain retention.

Chlorine
The Steam Electric Stations are major users of estuarine
water for condenser cooling .

Chlorine may be added to the

estuarine cooling water to control marine fouling and slime growth
in the condenser tub€s .

Even with the new Amertop systems) where

16
abrasive plastic spheres are added to the cooling water to scrub
the inside of the condenser tubes (Krenkel and Parker, 1969))
chlorine or other biocides must still be employed to control the
.'
fouling of i ntake pipes
leading to the condensers .

The amount of chlorine used varies) depending on the
persistence of fouling organisms .

Two alternative methods of

chlorine addition are currently employed :
continuous flow .

fl slug fl chlorination, and

The first utilizes high concentrations of chlorine

at 2-3 ppm for 15 minutes every six. hours, whereas the continuous
flow method maintains a constant residual of 0 . 5 ppm (Beauchamp)
1969).

Amounts and application techniques vary.
VEPC0 1 s Yorktown station on the York River estuary applies

4 . 5-5.0 ppm of chlorine for 30 minutes every eight hours .

The

average residual attained is 0.75 ppm where a 1.0 ppm residual is
desired to control the growth of bryozoans and hydroids on the
intake racks (VEPCO) personal communication) .
To understand chlorine 1 s possible modes of action in the
estuary a brief review of basic chlorine chemistry follows .
Chlorine Chemistry
Chlorine is a yellowish green gas approximately 2 . 5
times as dense as air .

It 1 s solubility in water is 9 . 5 g/liter

at 10 Candis reduced to 4 . 5 g/liter at 40 C (McCulloch) 1945) .
As the chlorine gas enters solution several forms are
present: Cl2) hypochlorous acid (HOCl) and the hypochlorite ion
(OCl-) .

At concentrations below 1,000 mg/liter chlorine is found

as hypochlorous acid or as the hypochlorite ion but not as
chlorine gas (APHA, 1967) .

The relationship of the amounts of
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hypochlorous ac i d or hypochl ori te i on is pH dependent as shown
below:
pH
6

Percent HOCl
96
75

7
8
9

22

3

The yellowish col or of chlorine water gradually dis appears on standi ng, and i f exposed to sunlight the solution
evolves oxygen .

Moist chlorine or chlorine water i s a powerful

oxidizing agent and in the presence of an oxidizable substance
oxygen will be evolved even i n the absence of light (Parkes , 1961) .
Cl2 + H20 ~::::::::::::.:::-_-_::-~ HCl + HOCl
2HOC1 - - -- 2HC1 + 02
Exposure to strong light or agitation accelerates the r educti on of
chlorine in solution .
In addition to oxidizing organics, chlorine combines
readily with ammonia to form mono- , di-, and trichloramines .

Each

of these reactions are stepwise and the ratios of products formed
is pH dependent .

The paths of the reactions depend on :

the con-

centrati on of Cl 2 to the concentration-of NH 3, the pH, and
temperature (APHA, 1967) .

When the pH is grea ter than 6 and the

molar ratio of c1 2 or HOCl to NH 3 or NH 4 is less _than 1, formation
of the monochloramine predominates .

This rate is maximal at pH

of 8 . 3 .
The stepwise reactions are as follows :
1.
2.
3.

NH3 + HOCl
NH2Cl + HOCl
NHCl2 + HOCl

> NH2Cl

--> NHCl2
> NC1 3

+ H20
+ H20
+ H20

monochloramine
dichloramine
trichloramine

18

In reporting chlorine concentrations in sanitation and
sterili zation practices, chlorine concentrations are given as
free available, combined available , and total residual .
11

The term

free 11 available refers to the chlorine in soluti on that exists as

HOCl or as OCl-, while the "combined " available chlorine encompass es the chloramines .
Total residual chlorine is the amount of chlorine in
solution either as free available or combined available after a
specified contact time .

Losses of chlorine due to oxidation of

organics, or breakdown with sunlight or agitation necessitate
stating the total residual, as this can vary greatly from the amount
of chlorine originally administered .

The residual chlorine in a

chlorinated water supply is not rigidly proportional to the amount
of chlorine added to the water, nor does it always increase with
additional chlorine added (Theroux, 1943).
The reactions of chlorine in seawater have not been
described, but factors governing chlorine's activities in freshwater should be applicable in the estuarine environment .
Estuarine Chemistry
Seawater is slightly alkaline having a pH range between
7 . 8 and 8 . 2 .

It is a highly buffered solution containing borates

in addition to the carbonates and bicarbonates which are normally
present in freshwater .
The York River is slightly alkaline with no appreciable
difference in pH within the estuary .

Alkalinity increases from

the transition zone to the mouth of the estuary where higher
buffering capacities are encountered .
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Water chemistry variations at two locations in the York
Riv er are shown in Table 1.
Chlorine in the Estuary
When chlorine enters solution, sea water having a pH of
7.8 should cause the hypochlorite ion to dominate over the hypochlorous acid .

Hypochlorites are stabilized with more or less

well-buffered alkalinity (McCulloch, 1945) so sea waterrs alkalinity
would tend to f avor the hypochlorite ions dominance .
nance could affect chloriners toxicity .

Thi s domi-

The undissoc i ated form of

chlorine (HOCl) appears to be the primary toxic principle and the
bactericidal agent in the use of chlorine for disinfection (McKee
and Wolf, 1963).

Whether this relationship is true for chlorine r s

toxicity toward other organisms has not been shown .
It is probable that chlorine ' s toxicity to fish is
affected by pH value but so far as known this question has not
been explored thoroughly (McKee and Wolf, 1963) .
Combined available chlorine should be primarily monochloramines since the pH of 7 . 8 favors this formation .

The maximal

rate of monochloramine formation is at a pH of 8 . 2 (APHA, 1967) .
Mono- and dichloramines can combine evolving nitrogen gas .

This

reaction is favored at 6 . 0 to 8 . 0 creating other chlorine compounds that may exist in sea water .
Combinations of chlorine with ammonia, organic matter
and cyanides may be present and may prove to be detrimental to
fish (APHA , 1967) and other aquatic organisms .

The purpose of the

present experiments was not to determine which chlorine compounds
are lethal, but rather how industrial chlorination as a whole might

Table 1.

Year ly variations in water chemistry at t wo locations
in the York River.

Sea water of 20%,,

1968

1969

Mean pH

7.8

7.9

Range

7. 6- 8 . 0

7 . 6- 8 . 0

Mean Alkalinity

1.59

1.57

Range

1. 45-1. 76

1. 31-1. 72

Sea water of 15%0

1968

1969

Mean pH

7.8

7.8

Range

7. 6- 8. 5

7. 4-8. 2

Mean Alkalinity

1. 36

1.26

Range

1. 20-1. 58

0.92-1.59
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affect estuarine copepods .
The chemistry of receiving waters is a necessary part of
explaining the toxicity of any compound as it greatly governs the
toxi cants activities .

Since the primary toxic form or forms of

chlorine to copepods have not been identified, chlorine determinations were expressed as free available and combined available
with the sum being total residual which conforms to current industrial practices .

When applied to other receiving waters having

the same conditions, e . g . pH, alkalinity, organics and suspended
matter, etc., chlorine should have similar toxicities .

Experimental Chlorination
Chlorine was applied in a single

11

slug 11 addition rather

than by continuous flow since estuarine copepods are not subjected
to sustained levels of chlorine .
Several milliliters of saturated chlorine water were
added to each of the one gallon copepod samples to obtain the
desired concentrations ranging from 0-4 ppm .
Preparation of Chlorine Stock Solution
Saturated chlorine water was -made by bubbling chlorine
gas through a fritted glass tube immersed in distilled water at
25 C.

A trap to collect escaping chlorine fumes ~as constructed

by venting fumes through another dispersion tube which was immersed in a sodium hydroxide solution .

Phenolphthalein was added

to the ·trap to show when the sodium hydroxide was neutralized.
A second trap containing orthotolidine solution was constructed to test the effectiveness of the sodium hydroxide trap .
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Any chlorine fumes escaping the sodium hydroxide trap would appear
yellow when they contacted the orthotolidine solution.

The ortho-

tolidine solution never became colored, showing that the sodium
hydroxide trap was functioning .

The orthotolidine trap was sub-

sequently dispensed with .
Saturation of the 500 ml of distilled water required
approximately one and one- half hours at which time the sodium
hydroxide was neutralized and the chlorine solution was a greenish
yellow.

The chlorine solution was stored in an amber bottle and

refrigerated to preserve potency.
Chlorination of Cultures
Saturated chlorine water was added to the cultures with
an amber colored, automatic zero leveling buret, calibrated to
0.05 ml .

An advantage of this delivery technique is that toxic

chlorine fumes are retained within the delivery system .

The zero

leveling device should only be used to fill the 10 ml delivery
tube and not after every several ml addition .

This minimizes the

chance of air, pumped into the system, displacing chlorine from
solution and thereby altering the chlorine solution strength .
Copepods tended to swarm at the surface of the cultures
as chlorine was added.

A plunger was made from an inverted funnel

and a glass rod to disperse the chlorine and copepods .

Following

the chlorine addition the plunger was raised and lowered several
times to promote mixing with minimal agitation .
contact time was
concentrations .

A two minute

allowed prior to calculating the chlorine
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Determination of Chlorine Concentrations
Among the simplest procedures presently available for
the essential determinations of free and combined chl6r ine are
t hose based on the use of diethyl-p-phenylene diamine (DPD)
(Palin, 1957) 1969 ) .

With this indicator free chlorine reacts

in neutral solution to give a red color .

Addition of potassium

iodide causes combined ch •.orine to react .

If separate determi -

nation of monochloramine and dichloramine is required) the potassium
iodide is added in a stepwise manner (Palin, 1969) .
Photometric determinations were made using a KlettSommerson photometer with a No . 520 green filter .

The photometer

was calibrated using a standard permanganate solution (Palin,
19 57).

A complete stepwise description of this method j_s given in

l\ppendix 4.

'l'hc standard curve obtained ( figure 5, Appendix) shows

a nearly linear relationship between absorbance and concentration
until 2 ppm is reached.

Palin (1957) set 4 ppm as the highest

concentration for accurate determinations without having to
make dilutions .
The DPD method based on photometric determinations gave
more consistent results than those obtained with the orthotolidinearsinite method (APHA, 1967) using color standards .

However, the

DPD procedure is not without complications .
One of the greatest problems in usi_ng the DPD method is
the instability of the test solution .

A phosphate buffer solution

is added to the DPD solution immediately prior to adding the sample .
No way has been found of combining these reagents in a single
solution of adequate stability (Palin, 1957) .
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Palin (1969) advocated the use of commercially available
DPD tablets that contained the proper amounts of buffered DPD and
potassium iodide to yield complete differentiation of the various
forms of the combined chlorine .

These tablets were tested and it

was found that variations within tablets taken from the same
batch was great enough to void results if they were based on a
single reading.

When the tablets are used instead of the indi-

cator solutions , color develops and peak intens ity fades within
a few seconds.

It is therefore essential that tablets dissolve

rapidly and thoroughly .

Such was not the case .

When the tablets

are powdered and dissolved prior to adding the sample, replication
of results is nearly perfect, the only problem being that the
mixture starts to decompose within 15 minutes giving erratic results .
The DPD solution was used rather than the DPD tablets.
The DPD solution was not stable as described (Palin, 1957) .

Indi-

cator solutions became unstable after standing overnight even
though they were stored in amber bottles and showed no noticeable
discoloration.
lem.

Refrigeration did not entirely alleviate the prob-

DPD could be refrigerated at 4 C for 11 days with little

loss of sensitivity in the 0- 2 ppm range, but wide variations were
encountered at higher chlorine concentrations.

DPD solutions were

made up just prior to use as ·recommended by Francis L. Evans III
(personal communication), who had similar experience with DPD 1 s
instability.

RESULTS AND DISCUSSION
Estuarine Acartia tonsa can withstand thermal shocks of
8 C above ambient summer temperatures of 20 to 25 C.

Copepods

showed no adverse effects after 96 hours following an 8° thermal
shock over 5 secorids, being held at the elevated temperature for
5 minutes, then slowly returned to ambient within 20 minutes
after exposure.
Bioassay results (Table 2) indicate that the percentage
survivcJl of organisms passing through the heat exchanger, whether
at ambient temperature or receiving the 8° shock, is statistically
identical to survival ·of organisms he.ld at ambient.

This confirms

previous preliminary findings that the heat exchanger does not
contribute to mortalities through mechanical damage .
The addition of small amounts of chlorine evoked mass
mortalities on adult copepods (Table 3) .

At 20 Ca chlorine

residual of 0 . 75 ppm, measured after a two minrrte contact time,
proved fatal to 30 percent of the test organisms after the 96 hour
assay .

Increasing the dosage to 1.15 ppm increased mortalities

to 100 percent under the same conditions .
A factorial analysis of the 20 C (Table 4) results
showed a significant interaction between heat and chlorine .

This

interaction was most pronounced at the 0 . 75 ppm chlorine residual
level, where the 8 C elevated temperatures reduced mortalities .
It was presumed that these reduced mortalities occurred from heat
25

Table 2.

Ninety- six hour bioassay results assessing the effects
of mechanical damage and thermal shock copepods received during laboratory condenser passage .
Sample Size

% Survival

Copepods not undergoing
condenser passage

180

274

99
99

Copepods undergoing passage
at ambient (20 C)

81
206

99
99

Copepods that received a 8 C
/4 T during passage

130
106

100
98
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Table 3 .

Percent survival (96 hr) bioassay as sessing the effects
of thermal shock and chlorine exposure on copepods at ·
20 C with repli cation .

Mecha nical
Damage Control

Thermal Shock

Ambient
9 7 , 96

0

96

97 , 96

67

85 , 81

0 . 7- 0 . 75

76, 57

61, 46

0 . 9- 0 . 9 5

< so~-:, 46

67 , 48

1.0-1.05

99

)

72

X '

0 ,

X

0

0

1.15

~•:Numerous fragments indicate that some copepods were destroyed
during sieving and preservation .
Values are not shown for ambient samples at 1 . 15 ppm as chlorination was 1 . 45 ppm, not 1 . 15 ppm as prescribed .
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Table 4.

Factorial ANOVA testing for differences between thermal
shock (8 C), chlorine exposure and their interactions:

Main Effects

df

Chlorine

ss

msq

F

3

6,494 . 5

2,164 . 8

91 . 2°''d,

Heat

1

639 . 7

639.7

27 . O'b',

Interaction

3

1, 989 . 5

663.2

27 . 9-;'d:

Error

8

189 . 9

23 . 7

Total

15

9,313 . 6
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driving off the chlorine, thereby reducing the biocide 1 s contact
time.

This conclusion was later proven in error as reduction of

chlorine residuals following heat exchanger passage showed a
drop in total r esidual from 0 . 75 ppm to 0 . 28 ppm for samples not
heated and a similar reduction to 0 . 35 ppm for heated samples .
This slight difference of 0 . 07 ppm residual between heated and
unheated samples could be merely a la ck of precision in the
chlorine determinations at these low levels .
The amounts of saturated chlorine solution required to
obtain the 0 . 75 ppm residual was the same in each of the experi, mental units, indicating that chlorine demands were similar .
The possibility exists that the forms of chlorine present
at 20 C may differ from those present at 28 C.

A shift in the

relative amounts of the combined available chlorine present as
monochloramines or as . dichloramines could occur,

Such changes

would not be detected unless the DPD determinations were carried
t o completion .

Until detailed chemical analysis of chlorine ' s

reactions in s ea water have been made, this will remain a
speculation .
Experiments conducted at 25 C showed that copepods were
again unaffected by the 8 C thermal shock (Table 5) .

Chlorination

at 0.75 ppm residual resulted in 70 percent mortalities as compared to the 70 percent survival at 20 C.

No difference was

noted between heated and unheated samples due to poor i nternal
repli ca tion.

The amounts of satura ted chlorine required to ob-

tain the 0 . 75 ppm residual was the same as that required for the
same residual in the 20 C experiments, indicating that chlorine

Table 5 .

Percent survival (96 hr) bioassay ass€ssing the effects
of thermal shock (8 C) and chlorine exposure on copepods
at 25 C with replication .

Mechanical
Damage Control

Thermal Shock

Ambient
85
80

0
0

88

89
95

0
0

31
27

33

0

0 . 75
0 . 75

0

0
0

1.0
1.0

79

r

0

Ctenophores were found in all samples that were not chlorinated .
The high survival rate of copepods at 0 ppm receiving the thermal
shock could be a reflection of reduced ctenophore predation .

30

31

demands were s i mi lar .

A change i n chlori ne demand between experi -

ments would have i ndicated d i fferences in water quality as t o t he
amounts of suspended mater i al , or gani cs , or ni trogenous compounds
which could affect chlori ne 1 s toxi city .

Si nce no such changes were

noted, acclimati on appears to be significant i n copepods tolerance
to chlorination .
The experiment was repeated wi th the number of copepods
being increased from approximately 50 to over 100 per gallon i n
hopes of obtaining better statistical validity (Table 6) .

Results

were inconclusive as samples were contaminated with numerous
decapod larvae which could not be removed following collection of
the copepods by plankton tows .

Over ninety percent of the larvae

were brachyurans of the genus Uca (Paul Sandifer , personal commu-1ication).

These larvae preyed heavily on the copcpods and

were not affected by the phlorination and heating as were the
copepods .

TI1e inability to separate decapod larvae from copepod

samples caused a termination of the experiment .
The major part of this research was in developing basic
techniques prerequisite to using estuarine copepods for bioassays .
The vital staining technique allows for rapid sorting of dead and
live copepods which is essential to bioassays involving large
numbers of test organisms .

Expanding the number of test organisms

allows for more detailed experimental designs having greater
statistical validity . "The 2x5x2 factorial design (employing 50-100
copepods per experimental uni t) experiment could not have been
employed prior to the use of this staining technique .

Table 6.

Percentage survival (96 hr) bioassay assessing the
effects of thermal shock (8 C) and chlorine exposure on
copepods at 25 C. Counts of decapods in addition to
copepods are included showing predation . (c denotes
copepod counts) d denotes decapod counts) .

Me chanical
Damage Controls

r

Ambient

Thermal Shock

82 ( 341c) 235d)
88 ( 3 76c) 199d ).

_ppm Cl2
0
0

88 (277c) 24d)
83 ( 312c) 83d)

85 ( 29 Sc) 52d)
87 ( 324c) 68d)

0
0

74 ( 194c) 162d)
86 ( 116c) 123d)

81 ( 207c) 79d)
82 ( 2 58c) 93d)

0.25

78 ( 18c) 190d)
68 ( 22c) 163d)

85 ( 26c) 71d)
78 ( 23c) 73d)

0 . 50
0 . 50

0 ( 3c) 153d)
0 ( 2c) 173d)

0 ( 2c) 90d)
0 ( le) 153d)

0 . 85
0 . 85

32

0. 2 5
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The satisfactory development of laboratory simulator
for SES condenser passage creates new possibilities for testing
SES effects on indigenous organisms .

Evaluations of the amount,

rate, and duration of thermal addition that plankton communities
can tolerate will be of value in designing future SES facilities .
Not only can thermal effects be assessed but the use of biocides ·
within the plant and their interaction with thermal stress can be
evaluated prior to SES operation .

CONCLUSIONS
The results of these experiments i ndi cate that chlorin~
toxi ci ty to copepods i ncreases with temperature .

Repeating exper i-

ments, when large numbers of copepods are available , will be
required for conclusive ev i dence as to the effects of thermal
shock combined with chlorine exposure on estuarine copepods .
, Copepods are not affected by thermal shocks of this magnitude .
The bioassay staining technique developed here should
be us ed in SES field evaluations of copepod mortalities .

These

mortalities , when compared to those obtained through controlled
laboratory conditions should provide a better understanding of how
SES affect estuarine copepods .
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APPENDICES
(With Plates)
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APPENDIX 1

PLUNGER JAR SYSTEM CONSTRUCTION

r
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Plate 1 .
r

Plunger jar system with lid removed . Unit is mounted
on a 50 gallon constant temperature water bath .
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VfRGrNtA tN'STTTtrTf Ot MARtNE SCIENCE
Photo by K. Thornberry

Figure 1 .
r

Critical dimensions of 50 gallon water bath on whi ch
the plunger jar system is mounted .
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THE FOLLOWING SHOWS THE WORK! G PARTS OF A WATER BATH INTO WHICH A
MECHANICAL AGITATION DEVICE IS TO BE INSTALLED.
THE LID HAS BEEN REMOVED
YIELDING AN INTCRNAL WORKING SPACE OF 29 '3/4" X 21
AREA UNDER THE REMAINING 14 1/8" LID CAN'T BE USED
STATS, AND OTHER CONTROLS THAT PROTRUDE THROUGH THE,
GLASS JARS USED FOR CULTURING REST ON THE BOTTOM OF
PERFORATED TO ALLOW WATER CIRCULATION.
THE HEATING
UNDER THE UNIT SHOWN.

29¾ - - - -

'""'""------- -

- - - 47

1/2°' X 14 1/2", THE
DUE TO PUMPS, TH EF 0LID.
THE 1-GALLOIJ
THE CHEST WHIC'i IS
AND COOLING UN ITS LIE

I

Figure 2 .

Overall construction of plunger system .
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Figure 3 .

Construction details outlined in Figure 2 .
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DETAIL A1

AND A

SHOWING
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I
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ID LER WHEEL AND CLIPS
NYLON

@__:iJ
--1--i

3/8"

GRO~~Eg:1CAL

KEY AND ROD
FIXED PIN

NYLON

12 lb. TEST
MONOFI LAMEN T
FISHING LINE

BY REMOVING THE CLIP KEY
PULLEYS ARE NOT Fl XED.
THE ROD CAN SLIDE ALMOST OUT OF THE CASE ALLOWING

CLIPS MADE
LE SS STEEL OF STAIN NOT COP PE OR ALUMINUM

EASY REMOVAL OF THE JARS BELOW.

SCALE I : I

DETA IL C SHOWING "T"

FITTING AND TEFLON BUSH I NG

~-+~

1"'-½--l

Tl

1

11~
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t

f•..

I

T

I

.:i...

SET

SCREW

THE DRIVE MOTOR.

I

i

i

1
I

TEFLON OR NYLON

STA IN LESS STEEL OR OTHER
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BY CENTER BORING T HE SHAFT, THE

-,.lJ.;.2
8

"T"

FITTING SHOWN ABOVE CO ULD ALSO _ SERVE AS A CONNECTOR TO

R.

,,I#'

Figure 4 .

Detail of lid assembly for plunger jar system.
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PLEXIGLASS LID
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T HE
HANDLE
DESIGN

OF
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BE
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LID
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FIXTURES
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20

WATT

FLORESCENT

4,,
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CENTER/ LINE
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,..._,
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CJ.

20

WAT T

FLORESCENT

F IX TURE

15

16 is

P OSSIBLE

HANDLE

LOCAT ION, DESIGN, AND CHOICE OF MATERIALS IS LEFT
TO YOUR DISCRETION .
METALS SUCH AS COPPER, ZINC,
CADMIUM,
ORGANISMS

AND CHROMIUM ARE EXT REMELY
AND

SHOULD

TOXIC TO MAR I NE

NOT BE USED WHERE

THERE

IS

ANY CHANCE THAT SUCH METALS COULD "FALL INTO THE
CULTURING JARS.
CORROSION AND RUSTING SHOULD ALSO
BE CONSIDERED WHEN CHOOSING MATERIALS.

4-

f"

DESIGN

I
+
~J

STAINLESS

T

4.l

LIST OF MATERIALS
2

20 watt fluores cent lights (one 40 watt if size permits)

l

6 RPM continuous duty motor

2

Stainless steel rods 3/8 11 x 31 7/8 11 and 2 clips and 2 pins

l

Stainless steel 3/8 11 rod f or crankshaft

2

Stainless steel r1 T11

8

Nylon pulleys

4

Idler wheels

12

Clips for idler wheel

8

Electrical grommets (3/8 11

l

Teflon bushing

)

for i dler wheel guides

Plexiglas 3/8 11 to be solvent welded

2

l

Pc .

33 7/8rr x 28 1/2 11 for removable lid

2

Pc .

28 l/2rr

X

12rr

ends

2

Pc .

31 l/8rr

X

12rr

sides

Handles to remove lid

Insulation :

1 rr sheet polystyrene

2

Pc .

31 l/4rr

X

12rr

l

Pc .

28 l/2rr

X

12rr

l

Pc .

28 l/2 rr

X

34rr
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APPENDIX 2
HEAT EXCHANGER CONSTRUCTION
AND
COOLING COILS
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Plate 2 .

Heat exchanger with four condensers to test the
effects of thermal shock and chlorine on copepods.
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VIRGINIA INSTITUTE OF MARINE SCIENCE

Plate 3 .
r

Deta i ls of modifying disposable Pasteur pipets t o form
t he heat exchanger ' s restr i ctive nozzles .
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VIRGlmA IN~TITUTF. OF M~RINE ~ClENCE
i:.. · : · .o

:.,;,- l( Thorn berry

Plate 4 .
r

Cooling coil made by
Harry G. Walthall
Gloucester Scientific Glassblowing ·
P . O. Box l36
Gloucester Point, Virginia 23062
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'iJRGINIA INSTHUTE OF MARIN£ SCIENCE
.. Photo by K. Thornberr.v.

Plate 5 .
r

Cooling coils connected in series to a submersible
pump to circulate bath water within the heated holding
jars promoting rapid cooling .
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APPENDIX 3

DPD CHLORINE DETERMINATIONS

,
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DPD Colorimetr i c Method for Free Chlorine ,
.
Monochloramine, Dichloramine, and Nitrogen Trichloride
(Courtesy of Francis L. Evans III)
1.

GENERAL DISCUSSION
1.1

Principle :

This i s a colorimetric version of the Palin

DPD method and is based upon the same principles .

Instead of

titrating with standard ferrous ammonium sulfate (FAS) solution
as in the Ferrous Method the colors are evaluated by means of a
colorimetric procedure .
2.
,

APPARATUS
Colorimetric Equipment
2 . 1.

One of the following is required -

Spectorphotometer or filter photometer, for use at a

wavelength range of 515 mu and providing a light path of 1 cm or
longer.
2.2 .

Comparator, with compensation for color and turbidity

if required .
3.

REAGENTS
3.1 .

Phosphate buffer solution :

Dissolve 24 g anhydrous

disodium hydrogen phosphate , Na2HPO 4 , and 46 g anhydrous potassium
dihydrogen phosphate KH 2 Po 4 , in distilled water .

Combine this

solution with 100 ml distilled water in which 0.8 g disodium
ethylenediamine tetraacetate dihydrate, also called (ethylenedinitrilo)tetraa cetic acid sodium salt, has been dissolved.

Dilute

to 1 liter with distilled water and add 20 mg mercuric chloride to
prevent mold growth .

(The presence of the mercuric chloride also

prevents interference in the free chlorine test that might otherwise
be caused by trace amounts of iodide in the reagents).
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3 .2 .

N, N-Diethyl- p-phenylenediamine (DPD) indi cator reagent :

Dissolve 1 g DPD Oxalate (Eastman Chemical No . 71 02) or 1 . 5 g
p-amino-N: N- diethyl-a niline sulphate (British Drug Houses chemical
available from Gallard- Schlesinger Chemical Mfg . Corp ., 584 Mineola

Ave., Carle Place, Long Island, N.Y .

11514) in chlorine-free dis -

tilled water containing 8 ml 1 + 3 sulfuric acid and 200 mg disodium
ethylenediamine tetraacetate dihydrate , also called (ethylenedinitrilo)tetraacetic a cid sodium salt.

Make up to 1 liter, store

in a brown glass stoppered bottle and discard when discolored.
3.3.
4.

Potassium iodide crystals .

PROCEDURE
4 . 1 . Calibration of photometer or colorimeter :

Calibrate the

available instrument with chlorine (a) or potassium permanganate
(b) solutions .
a.

Chlorine solutions:

Prepare chlorine standards in the

range of 0 . 05 to 4 mg/1 from chlorine water and chlorine demandfree distilled water.

Develop the color by first placing 5 ml

phosphate buffer solution and 5 ml DPD indicator reagent in a
flask and then adding 100 ml chlorine standard with thorough mixing
as described in Sec . 4 . 2-4 . 3 .

Fill the photometer or colorimeter

cell from the . flask and read the color at 510 mu .

Return the

contents of the cell to the flask and titrate the solution with
standard ferrous ammonium sulfate (FAS) titrant as a check on the
chlorine concentration .
b.

Potassium permanganate solutions :

containing 891 mg KMnO 4 per 1,000 ml .

Prepare a stock solution

Dilute 10 . 00 ml stock

solution to 100 ml with distilled water in a volumetric flask.
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When 1 ml of this solution is made up to 100 ml with distilled
water a chlorine equivalent of 1 . 00 mg/1 will be produced during
the DPD reaction .

Prepare a series of pe~manganate standards en-

compassing the chlorine equival.ent range of 0 . 05 to 4 mg/1.
Develop the color by first placing 5 ml phosphate buffer and 5 ml
DPD indicator reagent in a flask and then adding 100 ml standard
with thorough mixing as described in Sec . 4 . 2-4 . 3 .

Fill the

photometer or colorimeter cell from the flask and read the color
at 515 mu .

Return the contents of the cell to the flask and ti -

trate the solution with standard ferrous ammonium sulfate (FAS)
'titrant as a check on any absorption of permanganate by the
distilled water.
4.2.

Volume of sample :

Use a sample volume appropriate to

the particular photometer or colorimeter available .

Since the

following procedure is based on the use of 10-ml volumes} adjust .
the quantities of reagents proportionately for alternate sample
volumes .
Dilute the sample when the total available chlorine exceeds
4 mg/1.

4.3.

Free chlorine:

Place 0.5 ml each of buffer reagent and

DPD indicator reagent in a test tube or photometer cell.
of sample and mix .
4.4 .

Add 10-ml

Read the color immediately (reading A).

Monochloramine:

Continue by adding one very small

crystal of potassium iodide and mix .

If the dichloramine concen-

tration is expected to be high} instead of the small crystal}
preferably add 0 . 1 ml (two drops) of freshly prepared potassium
iodide solution (0.1- g/100 ml).
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Read the color immediately (reading B)

4.5.

Dichloramine :

Continue by adding a few crystals of

potassium iodide (about 0 .1 g) and mix to dissolve .

Allow to

stand for about 2 min before reading the color (reading C) .
4.6.

Nitrogen trichloride :

Absence of color in step 4 . 3

(free chlorine) indicates the absence of nitrogen trichloride.
Otherwise proceed as follows .
Place a very small crystal of potassium iodide in a clean
test tube or photometer cell .

Add 10-ml of sa mple and mix .

add 0 . 5 ml each of buffer and indicator reagents and mix.

Then
Read

the color immediately (reading D) .
r

5.

CALCULATION
Reading

NC1 3 Absent

A

free Cl
A

NH2Cl

C- B

NHCl2

B -

D

NC1 3 Present
free Cl
NH2Cl .
NHCl2 + l/2NC13
free Cl+ l/2NC13

2( D - A)

NCl3

C- D

NHCl2

Should monochloramine be present with nitrogen trichloride, whi ch
is unlikely, include in reading D, in which case NCl3 is obtained
from 2 ( D - B ) .
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Figure 5 .

DPD standard curve .
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